Following spinal cord injury, profound vascular changes lead to ischemia and hypoxia of spinal cord tissue. Since fibroblast growth factor 2 (FGF2) has angiogenic effects, its delivery to the injured spinal cord may attenuate the tissue damage associated with ischemia. To limit systemic mitogenic effects, FGF2 was delivered to the spinal cord via a gel of hyaluronan and methylcellulose (HAMC) injected into the intrathecal space, and compared to controls receiving HAMC alone and artificial cerebrospinal fluid (aCSF) alone. Dynamic perfusion computed tomography (CT) was employed for the first time in small animals to serially measure blood flow and permeability in the injured and uninjured spinal cord. Spinal cord blood flow (SCBF) and permeability-surface area (PS) measurements were obtained near the injury epicenter, and at two regions rostral to the epicenter in animals that received a 26-g clip compression injury. As predicted, SCBF measurements decreased and PS increased after injury. FGF2 delivered via HAMC after injury restored SCBF towards pre-injury values in all regions, and increased blood flow rates at 7 days post-injury compared to pre-injury measurements. PS was stabilized at regions rostral to the epicenter of injury when FGF2 was delivered with HAMC, with significantly lower values than aCSF controls at 7 days in the region farthest from the epicenter. Laminin staining for blood vessels showed a qualitative increase in vessel density after 7 days when FGF2 was locally delivered. Additionally, permeability stains showed that FGF2 moderately decreased permeability at 7 days post-injury. These data demonstrate that localized delivery of FGF2 improves spinal cord hemodynamics following injury, and that perfusion CT is an important technique to serially measure these parameters in small animal models of spinal cord injury.
Introduction
T raumatic spinal cord injury (SCI) is a serious condition that often causes paralysis and severe loss of function. A recent study showed that more than 1.2 million people in the U.S. report being paralyzed due to SCI, and nearly 50% of those people reported ''a lot of difficulty in movement'' or ''a complete inability to move'' (Reeve Foundation, 2009 ). Pharmacotherapy for acute SCI is currently limited to intravenous administration of the steroid methylprednisolone; however, its efficacy in improving functional recovery has been questioned (Fehlings, 2001) . The early secondary events seen following the initial spinal cord trauma lead to rapid and profound tissue changes, including hemorrhage, inflammation, edema, and ischemia, all of which have significant impact on tissue and functional recovery. Several drug treatments using systemic delivery are designed to target and limit these secondary injury mechanisms, and have undergone clinical trials (Hawryluk et al., 2008; Tator, 2006) ; however, none has shown sufficient improvement in human functional recovery to become established as standard clinical practice. Re-establishing blood flow to the injured tissue could have a neuroprotective effect by limiting the degeneration resulting from ischemia.
Fibroblast growth factor 2 (FGF2) has been shown to both promote angiogenesis (Montesano et al., 1986; Relf et al., 1997; Shing et al., 1985) , and to be neuroprotective Nozaki et al., 1993) . Ex vivo studies suggest that FGF2 reduces permeability of the damaged blood-brain barrier (Bendfeldt et al., 2007; Reuss et al., 2003) . In vivo studies demonstrate that FGF2 enhances functional recovery in spinal-cord-injured rats when delivered locally via an osmotic minipump (Rabchevsky et al., 1999 (Rabchevsky et al., , 2000 . Thus we hypothesized that FGF2 can improve spinal cord blood flow (SCBF) and reduce permeability following injury, yet requires a local delivery strategy because it does not cross the blood-spinal cord barrier (BSCB) (Relf et al., 1997) . While systemic drug delivery is the most common practice clinically, it requires that molecules cross the BSCB, and high doses are necessary to reach therapeutic levels at the site of injury, often leading to undesirable side effects. Drug delivery systems have been designed to circumvent these limitations, such as bolus intrathecal delivery and implantable catheters/minipump devices. However, these systems are either transient, or can cause complications such as infection ( Jones and Tuszynski, 2001) . To overcome these limitations, our lab has developed a minimally-invasive, intrathecal drug delivery system that is safe for local delivery of therapeutic agents to the site of injury (Gupta et al., 2006; Kang et al., 2009a) . This localized delivery system, composed of a biopolymer blend of hyaluronan and methylcellulose (HAMC), is injected into the intrathecal space and locally releases FGF2 into the injured spinal cord for at least 6 h (Kang et al., 2009b) .
In order to evaluate the potential benefit of local FGF2 delivery via HAMC to the injured spinal cord, a dynamic method to serially study hemodynamics in the same animal over time was required. Early work in cerebral blood flow using gas clearance techniques has been well characterized and modeled by Kety and Schmidt, based on Fick's principles of diffusion (Kety and Schmidt, 1948; Kety, 1951) . In this method, an inhalable and inert gas to which the BSCB is completely permeable is first allowed to permeate the tissues until saturation, and the clearance of the gas is then measured by electrodes placed within the tissue as a function of time to determine the flow rate. Although very useful for dynamically measuring blood flow, tissue damage occurs from the probes that are inserted into the tissue for measurement. Other methods for measuring SCBF, such as autoradiography, require a timed infusion of a radioisotope and subsequent sectioning of the tissue (Sandler and Tator, 1976) . The radioisotope is detected in tissue sections and quantified using densitometry to assess regional flow into grey and white matter in the spinal cord. Indicator fractionation techniques are similar, but instead use labeled microparticles in place of a radioisotope (Sandler and Tator, 1976) . More recently, the laser Doppler technique has been used, but since it requires the probe to be on the surface of the spinal cord, it is limited to either a relatively short time frame after the animal has undergone the injury, or a terminal time point (Toda et al., 2008) .
Magnetic resonance imaging (MRI) and computed tomography (CT) now have improved resolution, and when combined with dynamic contrast enhancement (DCE), blood flow and permeability can be measured as contrast agents are injected into the bloodstream (Bisdas et al., 2008; Leggett et al., 1998; Miles, 1991; Miles et al., 1993 Miles et al., , 1998 Miles et al., , 2000 Tateishi et al., 2001; Yeung et al., 1994; Yi et al., 2004) . With MRI and CT, gadolinium-chelates and iodinated contrast agents, respectively, can be introduced into the bloodstream and the perfusion rate measured as they pass through the tissues. Because these contrast agents or tracers do not diffuse freely into the tissue as gases would, tracer movement into the tissue is measured rather than clearance out of the tissue, as is done using Kety-Schmidt principles. Both MRI and CT have been used for dynamic measurements, though multi-detector CT machines can achieve better temporal and spatial resolution than MRI. Additionally, at very high spatial resolutions, MRI is often susceptible to more motion artifacts than CT. Thus we pursued CT as a method for dynamic measurements within the spinal cord. The use of contrast agents with CT imaging is known as dynamic perfusion CT or DCE CT, and this method has been used in several applications in both animal and human studies. Initially, the method was used to investigate renal blood flow (Miles, 1991; Peters et al., 1987a Peters et al., , 1987b , but further technical developments allowed measurements of tumor blood flow in cerebral tumors Yeung et al., 1994) , and lung cancers (Tateishi et al., 2001; Yi et al., 2004) , as well as renal and hepatic metastases (Miles, 1991; Miles et al., 1993 Miles et al., , 1998 . A recent report discusses the first use of CT perfusion for SCBF in humans (Bisdas et al., 2008) , but this technique has not yet been reported for small animals. In this article we evaluate dynamic CT imaging for repeated measurements of SCBF and permeability-surface area (PS) in rats after SCI, and with this technique assess the effect of local delivery of FGF2 via HAMC on SCBF and permeability of the injured spinal cord.
Methods
All chemicals were purchased from Sigma-Aldrich Chemical Co. (Mississauga, ON) and used as received unless otherwise noted.
Hyaluronan and methylcellulose preparation
First, 2 wt% hyaluronan and 7 wt% methylcellulose were prepared as previously described (Kang et al., 2009a) . Briefly, sterile methylcellulose (13Â10 3 Da) and sodium hyaluronate (1.5Â10 6 Da; Novamatrix, Drammen, Norway) powders were sequentially dissolved in artificial cerebrospinal fluid (aCSF) in a laminar flow hood. The aCSF was prepared in dH 2 O with 148 mM NaCl, 3 mM KCl, 0.8 mM MgCl 2 , 1.4 mM CaCl 2 , 1.5 mM Na 2 HPO 4 , and 0.2 mM NaH 2 PO 4 ( Jimenez Hamann et al., 2003) . To distribute recombinant human FGF2 (Biovision, Mountain View, CA) in HAMC, a solution of 10 mg/mL of FGF2 dissolved in aCSF was used in place of aCSF alone in the procedure above. This resulted in 10 mg/mL FGF2 loaded into a 2% HA and 7% MC solution.
In vivo surgical procedures
All animal procedures were performed in accordance with the Guide to the Care and Use of Experimental Animals developed by the Canadian Council on Animal Care, and approved by the Animal Care Committee at the Research Institute of University Health Network. Twenty-four adult Sprague-Dawley rats (200-250 g; Charles River, Montreal, Quebec, Canada) purchased with implanted jugular vein catheters were anesthetized by inhalational isoflurane, and a laminectomy was performed at the T1-T2 vertebral level. The animals were imaged with dynamic perfusion CT immediately following the laminectomy to obtain normal, pre-injury measurements. A modified aneurysm clip calibrated to a closing force of 26 g was applied to the spinal cord at T2 for 1 min to produce a moderate SCI as previously described (Rivlin and Tator, 1978) . A durotomy was performed immediately caudal to the injury site with a 30-g bent beveled needle, and then a 30 g blunt bent-tipped needle was inserted through the durotomy into the intrathecal space. The animals received either 10 mL of aCSF (n ¼ 8), 10 mL of HAMC (n ¼ 8), or 10 mL of FGF2-loaded HAMC (10 mg/mL FGF2, n ¼ 8), through the needle that was then maintained in the intrathecal space for 1 min before removal to allow HAMC gelation in the intrathecal space (Gupta et al., 2006) . Following injection, the overlying muscles and fascia were sutured, the rats were ventilated with pure oxygen, and then they were placed under a heat lamp for recovery. Buprenorphine was administered post-surgery for pain management. CT imaging was performed at this time to obtain immediate post-injury measurements, and serial imaging was performed at 1 d postinjury and 7 d post-injury in the same animals.
Computed tomography imaging acquisition with dynamic contrast enhancement
The animals were kept under isoflurane anesthesia for the duration of the CT scans, which were obtained with a MicroCT scanner (Locus Ultra MicroCT; GE Medical Systems, Milwaukee, WI) in the Spatio-Temporal Targeting and Amplification of Radiation Response Facility (Toronto, Ontario, Canada). A scout x-ray was performed to define the level of interest corresponding to approximately C5 through T4. A perfusion scan was then performed over the selected region, at an in-plane resolution of 0.15Â0.15 mm with a slice thickness of 0.15 mm covering a range of z ¼ 13.5 mm at an energy level of 60 kV and 90 mA. The iodinated contrast agent Visipaque Ô (270 mg I/mL; GE Healthcare) was injected as the scan started by means of a foot-pedal-controlled injection pump (NE-1000 Single Syringe Programmable Pump; New Era Pump Systems, Inc., Farmingdale, NY). The contrast was warmed to 378C to reduce viscosity, and was delivered in the first 10 sec of the scan at a rate of 124.2 mL/h (a total of 354 mL was delivered) through the implanted jugular catheter. A 3-min multiphase scan protocol was used, acquiring a volume every second for the first 30 sec, then every 10 sec for the remaining 150 sec.
Image analysis
Previous measurements of SCBF have been developed by Kety and Schmidt, using inert gases to which the BSCB is completely permeable. The intravascular space, i, and the extravascular space, e, are considered to be a single compartment, and rate constants for gas movement are equal between the extravascular and the intravascular spaces (k ei and k ie in Fig. 1A ). SCBF is thus calculated by Eqn. (1) (Kety and Schmidt, 1948) :
where Q T (t) is the quantity of gas in tissue T at time t, W is the weight of the tissue, and the denominator is the difference between the arterial and venous curves for gas concentration over time. The CT technique used here builds on this model, but employs different assumptions and indicator techniques. Because the contrast agent is not very permeable to the BSCB, the intravascular and extravascular spaces within the tissue can be viewed separately ( Fig. 1B ), unlike models developed by Kety and Schmidt. A consensus paper by Tofts and associates (Tofts et al., 1999) describes this model in detail, known as the Modified Tofts Model, including the limitations under different conditions, and the association of fitting parameters to physiological parameters. In this twocompartment model, the tissue is composed of the intravascular and extravascular components, and a permeable tracer moves from the intravascular space to the extravascular space at a volume rate constant of K trans . Because the tracer is sequestered in the plasma of the blood, the rate constant k ep is defined as the rate of transport from the extravascular space to the plasma portion of the blood. The unidirectional transport of tracer is dependent on the permeability and the surface area of the endothelial layer that separates the intravascular and extravascular spaces in the selected region. Thus, this method calculates the product of permeability and surface area of endothelium in selected regions, known as the permeability-surface area product, or PS. The generalized kinetic model for two compartments as previously described by Tofts and associates (Tofts et al., 1999) is shown in Eqn. (2a):
and with the initial conditions that
where C p is the concentration in the plasma [defined as C a / (1-Hct) where Hct is the blood hematocrit], and C e is the concentration in the extravascular space (defined as C T /v e , where v e is the fractional volume of the extravascular space). This model can be used for any tissue, but the parameters will vary based on the assumptions applied to the system. In a flow-limited situation in which a tracer is very permeable across the endothelial layer (e.g., where PS > > F), the equation further simplifies to the Kety model shown in Eqn. (3), in 
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which contrast enhancement is related to flow (F) in the following manner:
where C A ¼ C p (1-Hct) and C V ¼ (1-Hct) C e (tissue density r is required since F is per unit mass of tissue). SCBF measurements made with the models developed by Kety have customarily been reported as milliliters per minute per 100 g of tissue rather than per 1 g of tissue, and this convention is maintained here to allow for comparison with previous work. In a permeability-limited situation, in which the tracer is not very permeable to the endothelial layer (e.g., where F > > PS) then the situation simplifies to Eqn. (4):
where the units of PS are milliliters per minute per gram. Thus, in a flow-limited situation, K trans ¼ Fr (1-Hct) (PS > > F), and in a permeability-limited situation,
In the central nervous system, the BSCB is mostly impermeable to many compounds, thus F > > PS and the K trans value can be used to estimate PS. Thus, Eqn. 4 was utilized in these studies to calculate PS values in the uninjured and injured spinal cord.
A simpler method for measuring F has been estimated from the first pass of an iodinated compound through the tissue, and flow is only dependent on the maximum amount flowing into the tissue shown in Eqn. (5) (Miles, 1991; Peters et al., 1987a Peters et al., , 1987b :
where flow is equivalent to the ratio of the maximal slope of the tissue intensity curve and the peak height of the arterial curve. In this case, the perfusion rate through tissue is only depicting the perfusion of the intravascular component, ignoring the extravascular component. The underlying assumption is that in the short time used to measure peak tissue enhancement (usually done in the first 10 sec), an insignificant amount of the tracer has permeated into the tissue and thus can be ignored. This equation is only valid for cases in which the tracer is not extremely permeable to the membrane, and thus is measuring tracer uptake into the tissue rather than tracer washout. Therefore, Eqn. 5 was used to determine SCBF in the uninjured and injured spinal cord from the first pass of contrast through the tissue. Post-processing of the CT images obtained was performed using the open source ClearCanvas Software (Toronto, Ontario, Canada), with a DCE tool developed at the University Health Network in Toronto, utilizing the Modified Toft's Model. A region of interest in the ascending aorta superior to the heart (at T3) was defined, and the time-intensity curve was produced for the arterial input function. A tissue region of interest for the spinal cord was then defined using average spinal cord measurements for the long and short axes of the spinal cord at each vertebral level (Hebel and Stromberg, 1986) , and using the remaining portions of the vertebrae as boundaries (Fig. 2) . Tissue-intensity curves were produced for three regions: (1) a region immediately adjacent to the injury epicenter between T1 and T2, which is immediately rostral to T2; (2) a region centered at the vertebral body of T1; and (3) a region between T1 and C7. Each region corresponded to a 150-mm-thick segment of tissue. An average hematocrit of 0.4 was used for all measurements (Hebel and Stromberg, 1986 ). The onset time at which contrast was seen to enter each region was manually determined, and the tissue-intensity data was fit to a curve using the DCE tool. Values for K trans , the initial slope in the first 10 sec, and the peaks of the arterial and tissue curves were calculated using the Modified Tofts Model, as described above. This procedure was performed for each animal at each time point that a CT scan was obtained (t ¼ pre-injury, 1 h post-injury, 1 day post-injury, and 7 days post-injury).
Immunohistochemistry of spinal cord sections
To compare the DCE CT technique to well-accepted immunohistochemical techniques, we used two stains to qualitatively examine blood vessel density and permeability. After the final imaging at 7 days post-injury, the animals received an overdose of sodium pentobarbital and were intracardially perfused with 4% paraformaldehyde. The spinal cords were harvested in 3-cm segments centered at the epicenter of the injury and dehydrated in 30% sucrose. The spinal cords were then frozen and sectioned at 20-mm cross-sectional thickness.
To observe blood vessels, the extracellular matrix laminin was stained in regions corresponding to the regions imaged with CT. Polyclonal chicken laminin (1:500; Abcam Inc., Cambridge, MA) was applied for 24 h at 48C with a 1% BSA and 0.2% Triton X as the blocking solution. An Alexa-Fluor 488 conjugated goat anti-chicken secondary antibody (Invitrogen, Carlsbad, CA) was added and incubated for 1 h at 378C. To observe permeability, a fluorescein-conjugated rat IgG (Invitrogen) was used, since IgG does not cross the intact BSCB, but does permeate damaged CNS tissue. The IgG antibody was incubated for 1 h at room temperature with 10% goat serum used as a blocking solution. Cross-sections were imaged on an Olympus BX50 microscope (Olympus, Center Valley, PA) with a motorized stage at 10Âmagnification.
Statistical analysis
All statistics were performed using two-factorial analysis of variance (ANOVA), followed by the paired Student's t-test to compare SCBF and PS values. Differences were accepted to be statistically significant at p < 0.05. All errors are given as standard error of the mean.
Results

SCBF and PS measurements in the uninjured spinal cord
Initial pre-injury measurements were taken at three distinct regions in the spinal cord as a baseline comparison for all postinjury measurements. These regions were selected to investigate the hemodynamics at the epicenter of injury and two rostral regions, since the initial mechanical impact is known to have significant biochemical and hemodynamic effects for a considerable rostro-caudal distance. Since the lungs are directly ventral to the spinal cord in regions caudal to the injury, respiratory movement prevented accurate measurements in these regions. All pre-injury SCBF and PS data were averaged from all animals, since treatment was not administered until post-injury. At the region nearest to the injury epicenter (T1-T2), SCBF of all groups pre-injury was 49.7 AE 1.6 mL/min/ 100 g. For the areas centered at T1 and T1-C7, the pre-injury means and standard error of the means were, respectively, 45.7 AE 1.6 and 45.7 AE 1.7 mL/min/100 g. These SCBF preinjury measurements are comparable to values reported previously with the hydrogen clearance technique, for which the composite SCBF was observed to be * 55-65 mL/min/100 g (Guha et al., 1989) .
In calculating the PS value, the assumption of the model is that K trans ¼ PS only when PS < < F. However, immediately after the trauma of spinal cord compression, there is extensive hemorrhage into the extravascular space of the parenchyma, and therefore this assumption does not apply at 1 h postinjury. Thus, only pre-injury, 1-day post-injury, and 7-days post-injury PS data are reported for each of the three regions studied. The injury epicenter at T1-T2 and the region at T1 had identical pre-injury PS values of 0.32 AE 0.03 mL/min/g. At T1-C7, the pre-injury PS value was calculated at 0.25 AE 0.03 mL/min/g.
Epicenter of injury (T1-T2)
At 1 h post-injury and post-injection of treatment, there was a significant decrease in SCBF at the epicenter, to approximately 40 mL/min/100 g, for all groups (Fig. 3A) . At 1 day postinjury, SCBF remained lower than pre-injury values for animals that received aCSF or HAMC, with values of 38.0 AE 3.8 and 39.1 AE 3.5 mL/min/100 g, respectively. This persistence of decreased SCBF at 1 day post-injury has been shown previously (Wu et al., 2007) , and could be due to persistent leaky vasculature or destruction of vasculature at the epicenter. However, animals that received FGF2 with HAMC had a SCBF value of 47.3 AE 2.6 mL/min/100 g, which was not significantly different from pre-injury measurements. This suggests some therapeutic benefit of local release of FGF2 in HAMC (versus HAMC alone and aCSF alone), where blood flow had returned to near pre-injury values at 1 day post-injury. At 7 days postinjury, all groups had elevated SCBF values compared to preinjury measurements; however, these were only statistically significantly higher in those animals that received FGF2 with HAMC, and not those that received either aCSF or HAMC control injections. Following this same trend, qualitative assessment of laminin staining for blood vessels at 7 days ( Fig. 3C-E) showed more vessels in the area surrounding the injury for the FGF2/HAMC-treated animals ( Fig. 3E and H) .
At 1 day post-injury at the epicenter, PS had increased significantly for all groups, from the pre-injury measurement of 0.32 AE 0.03 mL/min/g, to comparable values of 0.48 AE 0.07 mL/min/g for the aCSF group, and 0.42 AE 0.08 mL/min/g for both the HAMC and FGF2/HAMC groups (Fig. 3B) . By 7 days post-injury, the PS values had declined such that in none of the groups was it significantly higher than the pre-injury values, but animals that received FGF2 via HAMC had slightly lower PS values than controls. Immunohistochemical staining of IgG, a molecule that penetrates spinal cord tissue only when the BSCB is compromised, showed extensive staining throughout the tissue at the epicenter for all groups at 7 days post-injury (Fig. 3I-N) . In support of the DCE CT method, high magnification of the tissue showed that somewhat less IgG staining was observed in the animals receiving FGF2/HAMC (Fig. 3N ), compared to aCSF and HAMC controls (Fig. 3L and M, respectively) .
SCBF 0.75-1 mm rostral to the injury epicenter (T1)
At 1 h post-injury and post-injection, SCBF decreased rostrally for aCSF and HAMC animals, to 38.2 AE 3.1 and 35.1 AE 4.0 mL/min/100 g, respectively (Fig. 4A) . Animals that received FGF2 locally via HAMC had a SCBF of 44.1 AE 2.5 mL/min/100 g at 1 h post-injury, only 1.6 mL/ min/100 g lower than the pre-injury value. At 1 day postinjury, all groups showed some improvement in SCBF, although FGF2-treated animals had values most similar to their pre-injury measurements. As was observed at the epicenter, higher SCBF values were observed at 7 days post-injury for the FGF2/HAMC-treated group, compared to pre-injury measurements. A trend toward higher SCBF was also observed for HAMC alone in this region. The aCSF group, however, only returned to pre-injury values, and did not show higher reperfusion rates at T1. At 7 days post-injury, greater vessel density was seen with laminin staining in the cords for the FGF2/HAMC-treated animals compared to both the aCSF and HAMC animals ( Fig. 4E and H) .
PS values rostral to the injury were moderately increased at 1 day post-injury relative to pre-injury measurements (Fig.  4B) , with smaller changes seen here than those at the epicenter. Animals that received FGF2 via HAMC showed a marginal increase of only 0.02 mL/min/g, compared to the increases seen in the aCSF and HAMC groups, which rose by 0.11 and 0.12 mL/min/g, respectively. At 7 days post-injury, the values in the aCSF-treated animals remained higher than their pre-injury values, and animals that received HAMC alone showed reductions in PS nearly to pre-injury levels. This was also observed with IgG staining, where less staining was seen in animals that received HAMC than in those receiving aCSF (Fig. 4M and L, respectively) . Additionally, IgG staining for FGF2/HAMC-treated animals showed less than that in both control groups (Fig. 4N ). This was substantiated by DCE CT, for which the PS values seen at 7 days were the lowest in animals that received FGF2/HAMC.
FIG. 2. (A)
Representative arterial region of interest at T3, where a cross-section of the entire rat is shown. The box outlines the inset below showing anatomical landmarks, including the contrast-filled catheter inside the jugular vein, the aorta (used for determining the arterial input function), the trachea, and the intact T3 vertebra. The corresponding arterial input function taken from this region is shown to the right of the inset. SCBF 1.8-2 mm rostral to the injury epicenter (T1-C7)
As far as 2 mm away from the injury epicenter, at T1-C7, SCBF decreased significantly from the pre-injury measurement of 45.7 AE 1.7 mL/min/100 g for all groups at 1 h postinjury, to values of 38.2 AE 3.4, 36.3 AE 3.1, and 36.5 AE 1.6 mL/ min/100 g for the aCSF, HAMC, and FGF2/HAMC groups, respectively. At 1 day post-injury, all groups had increased to values that were lower, but were not significantly different from pre-injury values. At 7 days post-injury, higher reperfusion rates were observed for all groups, similarly to the findings at the epicenter and T1 regions. The aCSFand HAMC-treated groups increased to 49.3 AE 2.4 and 53.5 AE 5.1 mL/min/100 g, respectively. In this region at 7 days, SCBF in animals that received FGF2 treatment was 60.9 AE 3.5 mL/min/100 g, which was significantly higher than both pre-injury values and aCSF controls. Laminin staining also qualitatively showed improved blood vessel density in FGF2/HAMC animals relative to aCSF animals ( Fig. 5H and F, respectively) .
At 1 day post-injury, the PS value for the FGF2/HAMCtreated group was 0.28 AE 0.10 mL/min/g, which was similar to the pre-injury value of 0.25 AE 0.03 mL/min/g, whereas the PS values for both the aCSF and HAMC groups were higher, with values of 0.42 AE 0.08 and 0.37 AE 0.10 mL/min/g, respectively. At 7 days post-injury, the PS values of all groups had decreased, and FGF2/HAMC-treated animals showed the greatest decrease in PS values, to 0.18 AE 0.05 mL/min/g, followed by HAMC-treated animals, which had a PS level of 0.28 AE 0.07 mL/min/g, which was similar to pre-injury values, and then aCSF-treated animals, which had PS values of 0.36 AE 0.03 mL/min/g. The FGF2/HAMC treatment showed significantly lower PS values than aCSF-treated animals at this time point. This was also observed with IgG immunohistochemistry, as shown in Figure 5C -E, that less IgG penetrated into the tissue in the FGF2/HAMC-treated animals. The reduction in PS and increase in SCBF observed with FGF2 delivery further supports the hypothesis that early delivery of FGF2 has prolonged effects on tissue recovery. Additionally, the decreases in PS and IgG staining relative to aCSF animals for those receiving HAMC alone suggests a therapeutic benefit of HAMC, which is consistent with previous reports (Gupta et al., 2006) .
Discussion
Here, for the first time, dynamic perfusion CT was utilized to serially measure SCBF and PS of the uninjured and injured rat spinal cord. Controls showed the characteristic drop in SCBF that has been observed using other methods (Guha et al., 1989; Wu et al., 2007) , and the spontaneous recovery that occurs within 7 days, a period in which spontaneous angiogenesis is thought to occur (Loy et al., 2002) . Although SCBF measurements at 7 days were higher than pre-injury measurements, significant tissue degeneration had still occurred at the epicenter for all groups. Laminin staining for the extracellular matrix surrounding blood vessels at 7 days postinjury showed that those vessels on the periphery of the cord were better preserved than those in the center (Fig. 3C-E) . Also, the large vessels on the surface of the cord, such as the anterior spinal artery and vein, were preserved, even at the epicenter. These larger vessels are likely to contribute more substantially to the SCBF measurements made with DCE CT than small capillaries; however, the increase in SCBF above pre-injury levels could be a result of both persistent vasodilation of the larger peripheral vessels, as well as an increase in the density of small vessels in the parenchyma. PS increased following injury, as has previously been shown (Noble and Wrathall, 1989; Popovich et al., 1996) , and to some extent was attenuated over time, although it remained higher than preinjury values at regions nearest to the site of injury. Staining with IgG, a molecule that does not cross the intact BSCB, was used to qualitatively compare to the PS measurements obtained with DCE CT at 7 days post-injury. This immunohistochemical assessment showed similar trends to the CT data, thus validating this technique for permeability measurements in the spinal cord. However, it is important to note that permeability is related to the size of the molecule used in the assessment; thus these data showing permeability attenuating within 7 days post-injury cannot be directly compared to previous permeability studies, that showed longer-term permeability using smaller molecules. Future optimization of CT resolution will greatly improve the ability to differentiate between gray matter and white matter measurements, and will allow us to further probe the mechanisms by which FGF2 and other molecules may affect blood flow. Notwithstanding the variability seen in the CT measurements, the results reported here suggest that dynamic CT is an effective tool with which to study SCBF and permeability, and that it has the advantages of being minimally-invasive and repeatable in the same animal.
Immediately following SCI, several vascular changes occur at the site of injury. Grossly-injured vessels leak blood and fluid into the parenchyma of the tissue, leading to edema. This leads to a disruption of the BSCB, since cells and proteins normally absent in the spinal cord consequently accumulate in the tissue. To seal burst blood vessels and limit hemorrhage, widespread vasoconstriction occurs, thus lowering blood flow to the area. However, this global vasoconstriction leads to ischemia in the surrounding tissue penumbra. Systemic FGF2 infusion causes vasodilation in vivo, by opening ATP-sensitive potassium channels and enhancing the release of nitric oxide (Cuevas et al., 1991; Ziche and Morbidelli, 2000) .
In the experiments performed here, localized delivery of FGF2 via HAMC raised SCBF to near pre-injury values at the injury epicenter and at two rostral sites for the first 24 h postinjury. The immediate delivery of FGF2 via HAMC into the intrathecal space may cause vasodilation of the large peripheral vessels on the surface of the cord, potentially leading to this stabilization of blood flow very early in the secondary injury process. In vivo angiogenesis requires persistent vasodilation, which allows existing vessels to expand into poorly vascularized tissue (Ziche and Morbidelli, 2000) . Previously we showed that FGF2 delivered locally via HAMC was observed to diffuse into the spinal cord in 5-to 50-ng/mL concentrations, which have been used to stimulate angiogenesis in vitro, for up to 6 h (Kang et al., 2009b) ; this localized delivery may have contributed to the higher perfusion rates seen at 7 days post-injury at all three tissue sites, where FGF2 concentrations sustained over several hours within the cord could have persistently dilated even small vessels, thereby stimulating angiogenic pathways and increasing blood flow relative to controls. At the epicenter at 1 day post-injury, SCBF showed a slight increase in the animals in the FGF2/HAMC FIG. 5. Dynamic contrast enhancement computed tomography at 1.8-2 mm rostral to the epicenter at T1-C7 was used to obtain (A) spinal cord blood flow (SCBF), and (B) permeability-surface (PS) area measurements for animals receiving: FGF2/ HAMC (triangles), aCSF (diamonds), and HAMC (squares) (n ¼ 8; mean AE standard error of the mean are shown; letters indicate statistical differences as compared to pre-injury values: a, aCSF; b, HAMC; c, FGF2/HAMC; the asterisks indicate statistical significance between the aCSF and FGF2/HAMC groups at that time point). Images C, D, and E show representative spinal cord cross sections with laminin staining for aCSF-, HAMC-, and FGF2/HAMC-treated animals, with the areas in the white boxes shown at higher magnification below in images F, G, and H. White arrowheads indicate blood vessels in the magnified areas. Images I, J, and K are representative images of spinal cords with IgG staining for the aCSF, HAMC, and FGF2/HAMC groups, with the areas in the white boxes shown below at higher magnification in images L, M, and N (scale bars in C-E and I-K ¼ 1 mm, and the bars in F-H and L-N ¼ 100 mm; aCSF, artificial cerebrospinal fluid; HAMC, hyaluronan and methylcellulose; FGF2, fibroblast growth factor 2).
group, but permeability was the same for all groups at this time point. The process of angiogenesis creates leaky vasculature initially, but FGF2 is known to promote maturation of newly-formed vessels (Murakami and Simons, 2008) . Since permeability did not decrease at 1 day in the FGF2-treated animals, but SCBF did increase, it is possible that FGF2 stimulated the formation of small vessels. At 7 days, these new vessels promoted by FGF2 at 1 day post-injury may have matured, thus contributing to the reduced PS and the significant increase in SCBF seen in this group. Moreover, FGF2 may directly stimulate angiogenesis by inducing endothelial proliferation, or stimulating expression of VEGF (Seghezzi et al., 1998) , or nitric oxide (Ziche and Morbidelli, 2000) , in endothelial cells and astrocytes, respectively, to regulate angiogenesis. While the mechanism is not well understood, it is clear that notwithstanding the brief period of FGF2 delivery following SCI, long-lasting benefits were observed for SCBF after its localized delivery via HAMC.
The control injections of HAMC and aCSF showed a characteristic decrease in SCBF within the first hour, which remained lower than pre-injury values at 24 h. Blood flow at 7 days for these controls showed that SCBF returned to preinjury levels, although the HAMC animals showed a statistically insignificant trend toward greater reperfusion. HA is a large molecule, but it is easily hydrolyzed and is also broken down by free radicals (Presti and Scott, 1994) , which cause tissue damage and are present after SCI. HA may provide an early protective effect by scavenging free radicals. Subsequently, the fragments of HA could cross the damaged pia after SCI to promote angiogenesis, as has been demonstrated in wound healing by upregulating collagen production in endothelial cells (Lees et al., 1995; West and Kumar, 1989) . HA has been seen to diffuse out of the HAMC gel within 24 h after injection (Kang et al., 2009a) , although a significant improvement in locomotor function was observed at 7 days post-injury for rats injected with HAMC relative to aCSF controls (Gupta et al., 2006) . The limited benefit of HAMC alone seen here for SCBF rostral to the epicenter of injury may have contributed to the improved functional behavior previously reported. Taken together, these results suggest that HAMC itself may have an angiogenic effect on the tissue, which may be enhanced by the addition of FGF2.
Disruption of the BSCB occurs rapidly at the site of injury due to mechanical insult, and the downstream biochemical pathways lead to similar disturbances in the areas surrounding the injury. The tight junctions between endothelial cells that line blood vessels and normally effectively block passive transport of large molecules across the BSCB into the parenchyma (Reese and Karnovsky, 1967) are disrupted by injury, allowing uncontrolled extravasation of plasma proteins (Noble and Wrathall, 1989) . The BSCB remains permeable to very small molecules for at least 28 days after SCI (Popovich et al., 1996) , although for larger molecules, the barrier is restored at 14 days (Noble and Wrathall, 1989) . Increased permeability of the BSCB has been observed in several vertebral segments away from the epicenter of injury (Noble and Wrathall, 1989; Popovich et al., 1996) , suggesting a widespread biochemical mechanism. FGF2 has been shown to play a role in the BSCB, where tight junction proteins are preserved in organotypic cortical slices when exposed to FGF2 in the surrounding media (Bendfeldt et al., 2007) . Moreover, the tight junction proteins occludin and zona occludens-1 were reduced in FGF2-knockout mice (Reuss et al., 2003) , suggesting a role for FGF2 in the regulation of these proteins. FGF2 signaling has also been shown to mediate signaling between astrocytes and endothelial cells during angiogenesis (Abbott et al., 2006) , and these interactions are also necessary for functioning of the BSCB (Beck et al., 1984; Hayashi et al., 1997) . HAMC alone showed a trend toward reducing PS values at regions rostral to the epicenter of injury, and localized delivery of FGF2 via HAMC restored PS nearly to pre-injury values in these same regions at 1 day post-injury. At 7 days post-injury, the PS values were lower than preinjury values, and were significantly lower in animals treated with FGF2/HAMC than in those treated with aCSF, in the region most rostral to the epicenter, at T1-C7. These data also support the hypothesis that short-term delivery of FGF2 via HAMC can have a long-term impact on tissue recovery.
Here we have shown that SCBF measurements at three distinct regions of the spinal cord show characteristic patterns of recovery using dynamic perfusion CT imaging. Localized delivery of FGF2 via HAMC stabilized SCBF, nearly to preinjury values, and also caused increased perfusion at 7 days post-injury, compared to pre-injury measurements. PS measurements indicated a characteristic increase in permeability at 1 day following injury. Delivery of FGF2 with HAMC stabilized PS at regions rostral to the epicenter of injury, with significantly lower PS values than those in aCSF controls at 7 days in the region most rostral to the epicenter at T1-C7. HAMC alone also showed a moderate improvement in PS at regions distal to the epicenter, supporting previous data that the delivery vehicle itself may have therapeutic benefit. Importantly, we report here that dynamic perfusion CT is a valid method for serially measuring SCBF and permeability after SCI in small animals, and that FGF2 delivered locally via HAMC can improve SCBF and permeability following SCI.
